Large events are less spatially coherent for drier inland regions. When annual snowfall is anomalously positive, there tends to be an increase in the number of snow days as well as a shift in the distributions toward the larger event sizes. Opposite relationships are observed for negative annual snowfall anomalies. These findings are in accord with recent studies using lower elevation data, demonstrating that the probability of extreme precipitation events is altered during E1 Nino or La Nina conditions.
get a better handle on the regional and interannual variability of large events and their seasonality, as it may be the presence or absence of only one or several such events that determines a snowpack excess or deficit. The general regional characteristics of precipitation and snowpack anomalies associated with ENSO have been well established. However, for potential applications such as planning reservoir releases and forecasting avalanche risk, the utility of ENSO-based seasonal predictions could be enhanced if accompanied by knowledge of the likelihood of particularly large snowfall events. Recent research indicates that the presence or absence of ENSO conditions can, indeed, alter the probability of extreme precipitation and streamflow events [Gershunov, 1998; Gershunov and Barnett, 1998; Cayan et al., 1999] . Higgins et al. [2000] show that for the West Coast, the largest fraction of extreme precipitation events occur during neutral winters just prior to the onset of E1 Nino. However, these studies have relied on precipitation records primarily restricted to lower elevations. The present paper uses daily resolution SNOTEL data over the water years 1980/1981 to 1997/1998 to assess statistics of the water equivalent of large snowfall events. We also examine the spatial coherence of large events and associations between anomalies in the water equivalent of annual snowfall and the probability of large events. In a previous study [Serreze et al., 1999] , SNOTEL data were used to assess the mean seasonal cycle and interannual variability in SWE across the western United States. The present focus on event characteristics is intended to build upon this effort. The newer automated SNOTEL network was designed to supplement, and to some extent replace, snow course records.
SNOTEL
sites were colocated with those snow course sites which correlated well with streamflow [Schaefer and Johnson, 1992] . Emphasis was given to automating snow course sites to which access is particularly hazardous or costly. Daily SWE records are generally available from the early 1980s onward, but they are available back to the 1963/1964 season at some sites. Since the early 1980s, daily precipitation has been measured, and in the late 1980s, minimum and maximum daily air temperature began to be reported. At present, there are over 600 SNOTEL sites across the western United States (Figure 2 ). SWE is measured by "snow pillows," which record the weight of the overlying snowpack. Precipitation gauges have a 30.5-cm orifice and utilize an Alter wind shield to minimize undercatch. Once daily, just after midnight, a system-wide poll is conducted, and each site transmits data for the previous day. Data capture is based on a meteor burst telemetry system which uses the reflection of radio signals by ionized meteor trails. Precipitation gauges and the snow pillows are reset on 
Overview of General Snowpack

Characteristics
To provide a background, it is useful to start with an overview of mean snowpack conditions based on the pillow data. Table 1 
Mean Characteristics of Large Events
Characteristics of large snowfall events are examined in terms of (1) the mean size of the seasoWs largest event (termed here the "leading event"), (2) the fraction of annual snowfall accounted for by the leading event and by those in the top quartile (largest 25%) of annual event distributions, and (3) the seasonality of large snowfall events. All results are based on the pillow data and hence refer to water equivalent. The simplest definition of an event is a positive daily (24 hour) change in SWE. Some of the results that follow here and in subsequent sections use 24-hour events. Our assessments of leading events in the present section, however, account for the fact that a single snowstorm may last for multiple days.
In theory, one ought to be able to define multiple-day events from consecutive runs of positive daily SWE changes, but in practice, it can be difficult to define the end of one event and the beginning of the next. To examine this problem, event lengths based on consecutive positive daily SWE changes were calculated for each station using the complete SNOTEL archive. The event lengths were then summarized as histograms for each region expressing the percent of events lasting 1 day, 2 days, 3 days, etc. Results (not shown) reveal that from 75% (Pacific Northwest) to 89% (Arizona/New Mexico) of events are of 3-days duration or less. In turn, events of 7-days duration or less account for >90% of events for each region. However, a few events (ranging from 4% in the Pacific NW to <1% in Arizona-New Mexico) last 10 days or longer. Inspection of the data reveals that in most (but not all) cases, such long-lived events are best interpreted as multiple events, separated by days with small positive SWE changes of magnitude corresponding to the snow pillow resolution of 0.254 cm (0.1 inches).
These results suggest that a minimum threshold of positive daily SWE change could be used to separate individual events (e.g., a daily positive change in SWE exceeding the pillow resolution). However, a 3-day limit seems to capture the majority of events and provides for internally consistent comparisons between different regions. In consideration, we base the leading event size for each station and year on a 3-day limit. We start by inspecting the 24-hour SWE changes. If a day had a positive SWE change, then the changes on the previous and subsequent day were inspected. Consecutive positive changes over day (D-l), day(D), and day(D+l) were then added together. This summing procedure was then performed for the next day with a positive change in SWE and so on until all days with positive changes were accounted for. This' resulted in totals representing consecutive positive changes in SWE of up to 3-days (72 hours) duration. By this processes of defining "running sums," one event can share days with other events (i.e., events may overlap). The total number of events is identical to that which would be defined using just the 24-hour changes. The largest (leading) event for each year and station was extracted.
The regional mean size of the annual leading event and its contribution to annual snowfall is summarized in Table 2 along with the regional mean number of snow days (the number of 24-hour events). As in Table 1 Figure 4) . Summarized by region, the mean leading event represents a minimum of 10% of mean annual snowfall. The largest contributions are 17 and 23% for the Sierra Nevada and Arizona/ New Mexico, respectively (Table 2) . Locally, contributions are greater ( Figure 5 ). Obviously, there is a tendency for the contribution of the leading event to be larger for those regions and stations with the smaller number of snow days. This is most apparent in Arizona/New Mexico. Here the mean size of the leading event is comparable to all other continental regions, but the small number of snow days means that such events have a greater impact on annual snowfall (Table 2) . Similar relationships emerge when comparing the Pacific Northwest and the Sierra Nevada: While the mean leading event in the Sierra Nevada is the largest of the eight regions (reflecting proximity to marine air masses and the high elevation), there are, on average, 15 fewer snow days than in the Pacific Northwest, which acts to increase the contribution to annual snowfall. It should also be noted that apart from Arizona/New Mexico, the number of snow days in the interior continental regions is comparable to, or is even greater than, the moist Pacific Northwest.
Regional variability becomes more subdued when the fraction of annual snowfall contributed by the largest 10% of events, the largest 20% of events, etc. is examined. For all regions the top quartile (largest 25%) of events in each year accounts for about half of the annual snowfall. This is typical for gamma distributions and holds with respect to both 24-hour events and events based on the running sums. A slightly smaller contribution by the top quartile of events is found for some stations in the dry continental interior, and a slightly higher contribution is seen for some stations in the Sierra Nevada.
To assess the seasonality of leading events, the total number of leading event observations in each of the eight regions (equivalent to the number of station years represented in each region) was stratified into the percent occurring in each month. As shown in Figure 6 , the leading event in the Pacific Northwest occurs most frequently during January. Precipitation in this region is actually greatest in November, averaging -1.00 cm per day, compared with -0.80 cm per day in December and 
Spatial Coherence of Large Events
An issue which has not been widely addressed is the spatial coherence of large snowfall and precipitation events across the western United States. This issue can be posed as a question: Figure 9 shows, for different percent anomalies in annual snowfall, the probability of attendant large anomalies in the number of snow days, the size of the leading event, and the size of the 75th-percentile event (the event defining the top quartile; if there were 100 events sorted by increasing size, this would be the 75th event in the ranked distribution). To obtain these results, percent anomalies in annual snowfall were first computed for each station and year in the SNOTEL record as ((S-(S))/(S))100, where S is the annual snowfall for a given year and (S) is the mean annual snowfall over the available period of record. The percent anomalies in annual snowfall were then aggregated into bins of 10% (e.g., -5-5% and 5-15%). From the total cases in each bin the percent of cases with positive and negative anomalies of at least 25% was determined for snow days, the leading event, and the 75th-percentile event. Use is made of the 24-hour events, with all anomalies calculated with respect to long-term means at each station. Since results for the different regions are similar, the results in Figure 9 can be taken to characterize statistics for the western United States. Essentially, the same results are obtained using the running-sum events. Figure 9 reveals the expected result that as annual snowfall anomalies become more positive, the likelihood of large positive anomalies in all three variables increases. However, the probability of a large increase in the leading event is always greater than the probability of a large increase in the 75th-percentile event. Similar conclusions are drawn if, for example, one compares the probability of a large change in the 75th-percentile event with that of a large change in the 95th-percentile event. The basic idea is that as annual snowfall increases, there is an increase in snow days, attended by stretching of the tail of the distributions corresponding to the larger event sizes. Put differently, years with above-average annual snowfall tend to be associated with more frequent as well as stronger snow-producing processes. Within a favorable snow-producing environment, large snowfall events are more likely.
As seasonal snowfall anomalies become more negative, the likelihood of large negative anomalies in the number of snow days, the size of the leading event, and the size of the 75th-percentile event increases. In turn, the probability of a large decrease in the leading event is always greater than that of a large decrease in the 75th-percentile event. This indicates that when seasonal snowfall decreases, there is a reduction in the number of snow events attended by weaker snow-producing processes, pulling the distributions toward the smaller event sizes. In such an unfavorable snow-producing environment, there is an increased likelihood that the year's leading event will be especially small. In turn, for very negative snowfall anomalies the probability of a large decrease in the number of snow days is especially pronounced. To clarify some of these relationships, at each station we computed Spearman rank correlation coefficients [Panofsky and Brier, 1963] It is also instructive to examine the relationship between the coherence frequency of top-quartile snowfall events and snowfall anomalies. Recall that a spatially coherent event at a station is defined as a top-quartile event occurring in conjunction with top-quartile events for at least 40% of surrounding stations within a 250-km radius. In turn, the coherence frequency at a station is the number of spatially coherent top-quartile events divided by the total number of top-quartile events. In Figure 8 , coherence frequencies at individual stations were presented for November, January, March, and May. In Figure  8 a coherence frequency of 50% at a station means that half of all top-quartile events falling in that month (over all available years in the SNOTEL record) were spatially coherent.
To summarize relationships with annual snowfall anomalies, we, instead, calculated coherence frequencies at each station using the subset of years with (1) positive annual snowfall anomalies of at least 25% and (2) negative annual snowfall anomalies of at least 25%. As opposed to Figure 8 , which breaks down the data by individual months, frequencies were based on all top-quartile events falling in any month from November through March. Results were then summarized as histograms illustrating the percent of SNOTEL stations with coherence frequencies of different magnitude. As before, the coherence frequencies are based on the running-sum events. Figure 12 shows that for positive annual snowfall anomalies, there is a shift in the distribution toward higher coherence frequencies. Put differently, positive annual snowfall anomalies show fewer cases with low coherence frequency (<40%) and more cases with high coherence frequency (>50%). However, the differences are really most pronounced with respect to low coherence frequencies (0-10%).
This agrees with earlier results. Years with large positive annual snowfall anomalies tend to be associated with stronger storm systems likely with more available moisture, in turn, having more widespread effects on snowfall. By comparison, years with large negative annual snowfall anomalies tend to be associated with weaker storms with less moisture, meaning that the local topographic setting will play a stronger role in determining whether or not a large snowfall event will occur. The differences between the distributions in coherence frequency 
Summary and Discussion
Efforts were made to better understand the spatiotemporal characteristics of large snowfall events across the montane western United States using SNOTEL records. Expressed regionally, the mean leading SWE event based on the pillow data (the largest storm of the snow season lasting up to 72 hours) contributes from 10 to 23% of annual snowfall (largest in the Arizona/New Mexico sector). The largest leading events are found in the Sierra Nevada and Pacific Northwest; leading events are smaller for inland continental regions, especially in the dry NW Wyoming sector. However, the effects of continentality on leading event size can be masked by local topographic effects. For the marine sectors, leading events occur most frequently during midwinter, while for NW Wyoming and Colorado they are more frequently found in late winter and spring. Similar spatial patterns and seasonalities emerge when the top quartile of snowfall events is examined.
During midwinter, large (top quartile) snowfall and precipitation events (the latter based on gauge data) tend to exhibit pronounced spatial coherence over the marine sectors, parts of the northern tier of states, and the Southwest. Large snowfall events in these areas tend to be less spatially coherent in autumn and early spring, but high coherence frequencies are seen through March in the Sierra Nevada and in Arizona/New Mexico. Large snowfall and precipitation events for most of Interannual variability in annual snowfall is determined by the interplay between event size and the number of events. Positive anomalies in annual snowfall tend to be accompanied by an increase in the number of snow days, as well as an increase in the size of the larger events, with the likelihood of a large increase in the leading event being most pronounced. Opposing relationships are associated with negative annual snowfall anomalies. These results are not surprising and indicate that as snow-producing processes become more frequent, they also become stronger. Similarly, there is a general tendency for an increase in the coherence frequency of large events associated with positive annual snowfall anomalies.
A number of recent studies have remarked that the presence or absence of ENSO conditions can alter the probability of extreme precipitation and streamflow events [Gershunov, 1998; Gershunov and Barnett, 1998; Cayan et al., 1999] . These studies have relied on precipitation records generally restricted to lower elevations. The existing SNOTEL archive includes five strong E1 Nino years (1997/1998, 1994/1995, 1991/1992, 1986/ 1987, and 1982/1983 ) and five strong La Nina years (1995/1996, 1988/1989, 1985/1986, 1984/1985, and 1983/1984) . While a composite analysis based on only five members is unwarranted (and for most stations, only a subset of these years is available), we have plotted results for the individual years (not shown). The general relationships identified in Figures 9-11 between annual snowfall anomalies and event size hold: For stations with positive annual snowfall anomalies, there is generally an increase in the number of snow days and in the size of the leading event and the 75th-percentile event, with opposing relationships for negative annual snowfall anomalies. Since the onset of E1 Nino or La Nina conditions can be predicted several months in advance, providing a degree of prediction of snowfall anomaly patterns, it may also be possible to provide assessments of the probability of extreme snowfall events. This information may be useful for planning reservoir releases and also has potential applications for problems such as avalanche forecasting.
